The LEC rat is an inbred mutant strain which spontaneously develops liver injury and subsequent liver cancer. Liver injury in LEC rats has recently been shown to be closely related to abnormal copper accumulation in the liver. Previously, we reported that LEC rat hepatocytes lose their growth potential, probably allowing selective growth of preneoplastic cells. In this study, to elucidate the effects of copper accumulation on the growth activity of LEC rat hepatocytes, we examined the growth activity and the expression of p53 and p21
Introduction
The LEC rat is a new mutant inbred strain established from a closed colony of Long-Evans rats, which manifests severe jaundice and anaemia 18-22 weeks after birth (1,2). About 40% of the animals die of acute hepatic failure due to submassive necrosis of the liver. All of the surviving rats suffer from chronic liver injury and subsequently develop hepatocellular carcinoma (HCC*) (3) . The LEC rat is thus considered to be a useful animal model for human HCC, since most HCC in humans accompanies chronic liver diseases such as chronic hepatitis (4) .
Abnormal accumulation of copper is found in the liver of the LEC rat (5) , which was more recently found to be due to the deletion of the coding region of the copper-transporting ATPase gene (6) . Such an accumulation of copper was shown to be responsible for the liver injury (hepatitis) due to DNA
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damage caused by toxic hydroxyl radicals (7, 8) . However, the mechanism by which LEC rats develop HCC remains unknown.
We have previously found that LEC rats are genetically highly sensitive to a low dose of chemical hepatocarcinogens such as diethylnitrosamine (9) . Enzyme-altered hepatocytes are found in the liver of LEC rats before the onset of hepatitis, although in very low frequency (unpublished data). These cells are generally considered to be 'initiated' cells which selectively proliferate under promotive conditions. On the other hand, we have found that hepatocytes isolated from LEC rats with chronic liver injury respond less to growth stimulation by epidermal growth factor (EGF) than those isolated from control rats (10) .
In the present study, we examined the relationship between the growth activity, and the expression of p53 and p2j wax i/dp i j n L E c rat hepatocytes in an attempt to elucidate the mechanism of the decrease in the growth activity of hepatocytes isolated from LEC rats with chronic liver injury. p2jwaf i/cip i was f ounc j ^ a cyclin-dependent kinase (Cdk*) inhibitor, the gene of which is transcriptionally activated by p53, a tumour suppressor gene (11-13). p21 waf 1/ci P ' binds to several kinds of Cdks and blocks the activation of cyclin/Cdk complexes, thus impeding their ability to phosphorylate target substrates, notably retinoblastoma protein (14, 15) . p21
waf I/CI P ' is also shown to bind with proliferating cell nuclear antigen (PCNA) to form a complex with it and thus regulate DNA synthesis (19) (20) (21) .
We found that p21 waf 1/ci P ' bound to nuclear matrix (19-21) in LEC rat hepatocytes. Since feeding LEC rats a low-copper diet caused hepatocytes with restored responsiveness to EGF with concomitant reduction of p21 waf l/cip ' expression, it seems plausible that the expression of p21 waf l/cip ' is responsible for the loss of growth activity in LEC rat hepatocytes with chronic liver injury. The role of growth inhibitor of hepatocytes with liver injury in the development of liver cancer in LEC rat liver is discussed.
Materials and methods
Animals LEC rats were bred at the Animal Laboratory of Sapporo Medical University. Sprague-Dawley (SD) rats were purchased from Charles River Japan, Inc. (Kanagawa, Japan). Rats were maintained under conventional conditions with temperature and light control, and fed a basal diet (Oriental MF, Oriental Yeast Co., Tokyo, Japan) or a low-copper diet and water ad libitum. Sixweek-old male LEC rats were divided into two groups: one group was fed a control diet (10 mg copper/kg) and the other was fed a low-copper diet (0.05 mg copper/kg). Age-matched SD rats were used as counterparts. In this study, all experiments were performed using male rats.
Nuclear matrix preparation
Nuclear matrices were prepared according to the method of Fey and Penman (22, 23) . Briefly, fresh rat liver tissues were minced into 1 mm 3 pieces and homogenized with CSK buffer solution containing 0.5% Triton X-100, vanadyl ribonucleoside complex (RNase inhibitor, BRL, Gaithersburg, MD) and protease inhibitors (phenylmethanesulphonyl, aprotinin and leupeptin; Sigma, St Louis, MO) to remove lipids and soluble proteins, followed by centrifugation at 2000 r.p.m. for 10 min, and salt extraction with 0.25 M ammonium sulphate containing vanadyl ribonucleoside complex and protease H.Obata el al.
inhibitors to remove the soluble cytoskeletal elements. After centrifugation at 2000 r.p.m. for 10 min, the specimens were treated with DNase 1 (100 |ig/ ml; Boehringer Mannheim, Mannheim, Germany) and RNase A (25 |ig/m]; Sigma) at 25°C for 45 min to remove the soluble chromatin and UNA. The remaining pellet fractions, which contained nuclear matrix fractions and intermediate filaments, were solubilized in a disassembly buffer containing 8 M urea, protease inhibitors and \% 2-mercaptoethanol. Insoluble components consisting principally of carbohydrates and extracellular matrix components were removed by ultracentrifugation at 250 000 g for 60 min. Intermediate filaments were allowed to reassemble upon removal of urea by dialysis in assembly buffer with protease inhibitors and removed by ultracentrifugation at 150 000 g for 45 min, leaving the nuclear matrix fractions in the supernatant fraction. The protein concentrations of nuclear matrix fractions were determined using a protein assay kit (Pierce, Rockford, IL). The nuclear matrix fractions were immediately precipitated with acetone and stored at -80°C until use.
Western blot analysis
The nuclear matrix fractions were dissolved in sodium dodecyl sulphate (SDS) sample buffer and boiled for 5 min. Twenty micrograms of protein of each sample per lane was applied and separated by electrophoresis in 10/20% gradient SDS-polyacrylamide gel (Daiichi Pure Chemicals Co., Tokyo, Japan). After electrophoresis, the proteins were electrophoretically transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA) for immunoblot analysis. After incubating the membrane with 10% skim milk in phosphatebuffered saline (PBS), the membrane was washed in PBS and incubated for 1 h in a 1:100 dilution of rabbit anti-p21 wlf 1/ci P ' polyclonal antibody (Santa Cruz, Santa Cruz, CA). After extensive washing again in PBS, the membrane was incubated in a 1:1000 dilution of alkaline phosphatase-conjugated rabbit anti-mouse immunoglobulins (DAKO A/S, Glostrup, Denmark). After washing in PBS, the reaction was developed with an alkaline phosphatase substrate kit (Vector, Burlingame, CA) in 100 mM Tris-HCl, pH 9.5.
Northern blot analysis
Total RNAs were isolated from rat liver tissues using the single-step thiocyanate-phenolchloroform extraction method (24) . For electrophoresis, 10 jig of total RNAs were loaded on 1% agarose gel containing 0.5 |ig/ml ethidium bromide. Gels were capillary-blotted in 20X saline sodium citrate (SSC) onto nylon membranes (GeneScreen Plus; NENR, Boston, MA) and fixed by UV light. Mouse p53 cDNA probes and mouse p21 wtf 1/<np ' cDNA probes were kindly provided by the Japanese Cancer Research Resources Bank (25) and by Dr Hiroaki Kanda (Cancer Institute, Tokyo, Japan) respectively. The probes were labelled with [ 32 P] using a multiprime DNA labelling system kit. For the detection of p53 mRNA and p21
wlf " a ? ' mRNA, membranes were prehybndized in a solution containing 50% formamide, 0.9 M NaCl, 0.1 M NaPO 4 , pH 7.4, 1% SDS, 10 ng/ml herring sperm DNA and 5X Denhardt's solution for 1 h at 42°C, and then hybridized overnight at 42°C in the same solution with [ 32 P]-labelled cDNA probe for mouse p53 or p21 waf 1/ci P '. Next the membranes were washed twice in 2X SSC buffer containing 0.1% SDS for 5 min at room temperature and twice in 2X SSC buffer containing 1% SDS for 30 min at 68°C before exposure to film. The membranes were exposed to Kodak Diagnostic film (Eastman Kodak, Rochester, NY) and an imaging plate, and analysed using a Bio Imaging Analyser BAS 2000 (Fujix, Tokyo, Japan). Densitometric analysis was earned out using a Macintosh Quadra 800 computer (Apple Computer, Cupertino, CA) with an EPSON GT-6000 scanner (Seiko Epson, Suwa, Japan). The signals were quantified by the NLH Image 1.52 Densitometric Analysis Program (Wayne Rasband, NTH, Bethesda, MD). Preparation and culture of primary hepatocytes Rat hepatocytes were isolated by the two-step liver-perfusion method (26) with some modification (27) . Isolated hepatocytes were plated onto collagencoated 100 mm dishes at a low cell density under scrum-free conditions. One hour after plating, the medium was renewed and EGF was added to cultures, giving a final concentration of 20 ng/ml to induce replicao've DNA synthesis (28) .
Bromodeoxyuridine (BrdU) indices and histochemical staining of copper
For examination of labelling indices, cultured hepatocytes 36 h after plating were incubated with BrdU (Sigma) for 36 h and then fixed with ice-cold 70% ethanol. BrdU staining was carried out using a cell proliferation kit (Amersham, Buckinghamshire, UK). Serial frozen liver sections fixed in 99.5% methanol were used for histochemical analysis (29) . Accumulation of copper in liver tissues was demonstrated by the sulphide silver staining method (30) . because after the onset of hepatitis LEC rat livers show a complex cell population (4). We isolated rat hepatocytes from 16-week-old LEC and SD rats, a few weeks before the onset of hepatitis, and examined the growth potential of the hepatocytes using primary culture. To elucidate the effect of copper accumulation on cell proliferation, LEC rat were divided into two groups: one group was fed a control diet and the other a low-copper diet, which almost inhibited copper accumulation in LEC rat livers as shown in Figure 1 . Only 20% of hepatocytes from 16-week-old LEC rats fed the control diet maintained their growth activity, while 70% of hepatocytes from age-matched SD rats showed the responsiveness to growth stimuli, as shown in Table I . These results clearly show that a majority of the LEC rat hepatocytes (about 80%) lost their growth activity. On the other hand, 60% of hepatocytes from LEC rats fed a low-copper diet showed responsiveness, indicating that a low-copper diet prevents LEC rat hepatocytes from losing growdi activity.
Results

Growth activity of LEC rat hepatocytes in primary culture
Expression of p53 in LEC rat livers
Liver injury of LEC rats is reported to result from DNA damage through generation of toxic hydroxyl radicals (7, 8) and it becomes clear that DNA damage leads to a dramatic rise in expression of p53 (31 shown in Figure 2 , p53 mRNA was expressed in both LEC and SD rat livers, although the level of p53 mRNA expression in the livers of LEC rats fed the control diet was higher than that in SD rat livers (Table II) . By feeding LEC rats a lowcopper diet, p53 mRNA expression returned to the level of SD rat livers. These results show that the low level of expression of p53 in the LEC rat liver was restored by the low-copper diet.
Expression ofp21
w^l/ap ' in LEC rat livers Since p53 induced expression of p21 waf l/cip ', resulting in growth arrest (11,32), we examined the expression of p21 waf i/cip I by Nort hern blot analysis. Total RNAs from 16-week-old LEC rat and SD rat livers were examined for p21 waf l/cip ' mRNA expression. As shown in Figure 3 , p21 waf itap l mRNA was expressed in both LEC and SD rat livers. However, the level of p21 waf 1/ci P ' mRNA expression in the livers of LEC rats fed the control diet was significantly higher than that of SD rat livers. By feeding the low-copper diet, the level of p21 waf l/ci P ' mRNA was reduced to the level of SD rat livers (Table II) . By Western blot analysis, however, we failed to detect p21 waf 1/cip ' protein using whole liver homogenates. Since p21 waf 1/dp ' was reported to be localized in nuclei, we carried out Western blot analysis using nuclear fractions and nuclear matrix fractions of rat livers. p2jwaf i/cip i p ro tein was clearly detected in nuclear matrix fractions of LEC rat livers and was enriched ~200-fold by this fractionation. Therefore we employed nuclear matrix fractions in the present experiments to detect p21 waf l/cip ' protein by Western blot analysis. Consistent with Northern blot analysis, p21 waf 1/cip ' protein was significantly rich in LEC rat livers as compared with SD rat livers. As shown in Figure 4 , we clearly detected p21
waf I/cip ' protein in livers of LEC rats fed the control diet. With the low-copper diet, however, the amount of p21 waf l/cip ' protein clearly decreased. These results showed that the low-copper diet also markedly reduced the expression of p 2iwafl/cipl 
Discussion
In the present study we examined the relationship between the growth activity of LEC rat hepatocytes and expression of p53 and p21 waf l/cip '. The results showed that the expression of p53 and p21 waf l/c 'P ' was significantly higher in LEC rat hepatocytes showing low growth activity. On the other hand, when LEC rats were fed a low-copper diet to prevent them from contracting hepatitis, a marked decrease in the expression of p53 and p21 waf l/cip ' was observed, probably resulting in the restoration of growth activity of LEC rat hepatocytes.
It becomes clear that exposure of cells to agents causing DNA damage leads to a dramatic rise in expression of p53 (31), followed by p21 waf 1/cip ' expression, resulting in growth arrest or apoptosis (32) . In the case of growth arrest, entry into the S phase of the cell cycle is delayed until genomic lesions are fully repaired (14, 15) . Regarding the LEC rat, it is reported that copper accumulation in LEC rat hepatocytes generates free radicals which produce DNA adducts (8) . DNA is damaged by the oxygen radicals activated by excess copper, and elevated levels of an oxidant DNA damage product, 8-hydroxydeoxyguanosine, are detected in the livers of LEC rats with chronic hepatitis (33) . When the general concept that DNA damage causes growth arrest is applied to LEC rats, the results of the present study suggest that the expression of both p53 and p21 waf l/cip ' up-regulated by copper accumulation in the liver of LEC rats is thought to be responsible for lowered growth potential of LEC rat hepatocytes, as shown in Figure 5 .
Recently it was reported that copper affects sequencespecific DNA-binding capacity of p53 by a Cu(II)/Cu(I) redox mechanism in an in vitro system (34) . If this is the case in the LEC rat liver, p21 waf 1/cip ' would not be up-regulated by copper accumulation. Nevertheless, since p21 waf 1/cip ' was upregulated by copper accumulation, copper does not seem to affect the DNA-binding capacity of p53 in the LEC rat liver severely. In addition, metallothionein was induced by copper accumulation in the LEC rat liver (29) , probably reducing the Cu(H)/Cu(I) redox effect on p53. Alternatively, the concentration of copper in the LEC rat liver might be more than 300 \im, retaining the DNA binding capacity of p53 (34) .
To assess whether p53 and p21 waf 1/cip ' expression was correlated with copper accumulation in hepatocytes, we examined the effects of low-copper diet on the expression of tumour suppressor genes and copper accumulation. Feeding LEC rats a low-copper diet before the onset of hepatitis clearly prevented both copper accumulation and increase in the expression of p53 and p21 waf 1/cip '. Low-copper diet feeding of LEC rats restored the growth activity of hepatocytes to a level comparable to that of age-matched SD rat hepatocytes. Thus the loss of growth activity of hepatocytes in LEC rats with chronic hepatitis is considered to be at least in part due to p53 and p2jwaf l/dp l expression up-regulated by abnormal copper accumulation.
Regarding the relationship between copper accumulation and development of HCC in the LEC rat liver, we reported that copper accumulated less in hepatocytes comprising preneoplastic lesions than in surrounding lesions (29) , and feeding the LEC rat a low-copper diet prevented chronic hepatitis and the development of large foci in the liver (Sawaki et al., in preparation) . These observations suggest that copper preferentially affects normal hepatocytes and promotes the formation of large preneoplastic lesions. We have consistently observed that single glutathione S-transferase placental form (GST-P)-positive cells appear in LEC rat liver before the onset of hepatitis and develop as clusters (GST-P-positive foci) after chronic hepatitis manifests (9) .
Taken together with the observation that copper accumulation causes induction of p21 waf 1/cip ', we postulate as follows: once initiated cells are formed, they preferentially proliferate in response to growth stimuli, such as hepatocyte growth factor (35) , during the course of chronic liver injury in LEC rat liver, because non-initiated hepatocytes surrounding the initiated cells are prevented from entering the cell cycle in response to growth stimuli due to high expression of p21 waf 1/cip '. The differences in sensitivity to growth stimuli between the initiated and normal hepatocytes may eventually result in the development of HCC in the LEC rat liver through preferential proliferation-dependent promotion mechanisms (10, 36, 37) .
The underlying mechanism by which LEC rat hepatocytes are initiated was not clarified in this study. However, since LEC rats are highly susceptible to a low chemical carcinogen dose and the susceptibility to initiation is genetically independent of copper accumulation in the liver (9), we assume that carcinogens in the environment may be responsible for the initiation, apart from the formation of 8-hydroxydeoxyguanosine.
In this report we detected p21 waf l/c ' p ' protein in the nuclear matrix fractions. The nuclear matrix is the nonchromatin substructure of the nucleus resistant to detergent extraction, nuclease digestion and salt extraction. Recent studies revealed that transcriptional factors are bound to the nuclear matrix (38) , pre-mRNA splicing factors (39) and retinoblastoma gene products (40); thus the structure might be fundamental for gene expression. In the present study we found that p21 waf 1/cip ' is a nuclear matrix protein or nuclear matrixassociated protein. In addition, we found a considerable amount of PCNA in nuclear matrix fractions (data not shown).
In conclusion, we have shown that expression of p53 and p21 waf 1/cip ' was induced by abnormal copper accumulation in the LEC rat liver, resulting in growth proliferation, and also that p21 waf 1/cip ' is a nuclear matrix protein or nuclear matrixassociated protein. 
